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Abstract 
In order to control the state of qubits by a microwave pulse, the irradiation time and the amplitude have to be 
controlled precisely. We have developed a single-flux-quantum (SFQ) microwave chopper for high-speed switching 
of microwave pulses. The proposed chopper is composed of a DC/SFQ convertor, an SFQ switch, a PTL driver, and a 
superconducting low-pass filter (LPF). The chopper converts an input microwave, which is generated by an external 
microwave generator at the room temperature, into microwave pulses by using start/stop SFQ control signals. We 
designed and implemented a microwave chopper module, which can be attached to dilution refrigerators. SFQ chips 
were fabricated using the ISTEC 2.5 kA/cm2 Nb process. We tested the microwave chopper module at 4.2 K, and 
demonstrated that a 5-GHz microwave whose amplitude ranging from 0 PV to 150 PV can be chopped by the SFQ 
control signals. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes. 
"Keywords: SFQ, quantum bit, microwave chopper, superconducting circuits."  
1. Introduction  
Superconducting qubits using Josephson junctions are one of the attractive candidates to realize a 
quantum computer. We have been developing a superconducting quantum-computing system shown in 
Fig. 1, where each qubit state is controlled by irradiation of microwave pulses generated by single-flux-
quantum (SFQ) circuits [1, 2]. The system is all composed of superconducting devices and can be put at 
the same low-temperature stage or on the same chip. In order to control the internal states of qubits 
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precisely, irradiation time of microwaves, whose frequencies are typically ~ 5 GHz, has to be varied with 
sub-nanosecond time resolution [3, 4].  
We proposed an SFQ microwave chopper for high-speed switching of microwaves. The chopper 
converts an externally applied continuous microwave, which is generated by room-temperature 
electronics, into microwave pulses by using start/stop SFQ signals. Since Rabi frequency is proportional 
to the amplitude of the applied microwave pulses, the output amplitude of the chopper has be larger than 
~ 100 PV which corresponds to the microwave power of about 100 pW [2, 5] for transmission lines with 
characteristic impedance of 50 :. However, in the previous chopper chip [6], the output amplitude was 
not large enough to control qubits due to the power loss at an impedance matching circuit composed of a 
resistor network. In this study, we improved the design of the microwave components to obtain large 
enough microwave amplitude. The chopper chip was mounted in the module and their switching 
characteristics were measured at 4.2 K.  
2. Design of SFQ Microwave Chopper 
2.1. Operation principle of SFQ microwave chopper 
Fig. 2 shows a block diagram of the SFQ microwave chopper. It is composed of a DC/SFQ converter, 
an SFQ switch, a passive-transmission-line (PTL) driver [8, 9], a superconducting low-pass filter (LPF) 
and an impedance transformer. In operation, an externally applied microwave is applied to the DC/SFQ 
converter, which generates an SFQ pulse at every raising edge of the microwave. The SFQ pulse train 
generated by the DC/SFQ converter is turned on and off by the SFQ switch, which is controlled by 
externally applied SFQ start/stop signals. The output SFQ pulse train is then passed to the PTL and the 
LPF to remove higher harmonics. The PTL is a microstrip line of 2 : and is directly connected to the 
LPF. The resultant microwave pulse has the same frequency as the externally applied microwave, and is 
chopped by start/stop signals. The chopper has to control microwave pulses very rapidly and their output 
amplitude has to be controlled. 
2.2. Design of LPF and matching circuit [10] 
For the rapid switching operation of the chopper, it is necessary to design a filter with small group 
delay. In general, the group delay decreases as the pass-band increases, so we use a LPF for the SFQ-
       
Fig. 1  Superconducting quantum computing system.               Fig. 2  Block diagram of the SFQ microwave chopper. 
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microwave conversion because the band-width of a band-pass filter cannot be as wide as that of the LPF. 
The LPF employed is the Chebyshev type since it can vary the group delay and skirt rejection. We use a 
5-pole Chebychev LPF of 2: with the cut-off frequency of 6.95 GHz and the ripple of 0.2 dB. The 
equivalent circuit is shown Fig. 3.  
In our qubit system, we plan to make qubit modules and SFQ modules separately, which are directly 
connected each other by using a coaxial cable of 50 :. Because the typical impedance of SFQ circuits is 
2 :, an impedance matching circuit between 50 : and 2 : is necessary. In the previous chopper [6], we 
used an impedance matching circuit made of a resistor network, which brings about a large energy loss. 
As a result, the output amplitude of the chopper was not enough to control qubits. Because the optimized 
LPF works at a wide frequency range from 5 GHz to 7 GHz, an impedance matching circuit has to have a 
wide pass-band. Among many kinds of matching circuits, an impedance transformer composed of several 
90-degree transmission lines is often used for impedance matching with wide pass-band. In order to 
miniaturize the layout area, we adopted a 2-section Chebyshev transformer, which has the Chebyshev 
response and is composed of two 90-degree lines. The center frequency of the 2-section Chebyshev 
transformer is 6 GHz and its fractional bandwidth is 0.4. Its equivalent circuit is shown in Fig.4. A mask 
layout of the designed RF circuit is shown in Fig.5, whose size is 2.5 mm × 1.0 mm. The LPF employed 
is an open-circuited-stub LPF [11] using semi-lumped components, and Cs is  
an MIM capacitor. The physical structure of the LPF is optimized by analyzing the propagation 
characteristics using a 3D electromagnetic field (EM) simulator, HFSS. S21 of the optimized LPF and 
transformer is shown in Fig.6. 
Fig. 4  Equivalent circuit of the 2-section Chebyshev transformer. 
Fig. 5  Layout of the optimized LPF and transformer.                         Fig. 6  S21 of the optimized LPF and transformer. 
Fig. 3  Equivalent circuit of the optimized LPF.  L1 = 
L5 = 61.3 pH, C2 = C4 = 15.3 pF, L3 = 99.2 pH for n = 
5, fc = 6.95 GHz, LAr = 0.2 dB and impedance is 2 : . 
 S. Miura et al. /  Physics Procedia  36 ( 2012 )  250 – 255 253
3. Simulation of SFQ Microwave Chopper 
Fig. 7 shows numerical simulation results of the SFQ microwave chopper with the optimized RF 
circuit, whose parameter are the same as described in the chapter 2.2. It can be seen that the input 
microwave of 5 GHz is correctly chopped with accuracy of sub-nanosecond. Fig. 8 shows the dependence 
of the output microwave amplitude on the input microwave amplitude. It is found that the output 
microwave amplitude is varied by the input microwave amplitude, and the maximum output amplitude is 
250 PV.  
4. Experiment
4.1. Measurement of SFQ-microwave chopper 
The SFQ circuits were designed using the CONNECT library [7] and the chopper chip was fabricated 
using the ISTEC 2.5 kA/cm2 Nb standard process. Fig.9 shows a microphotograph of the chopper chip. 
The chopper chip was mounted on a BCP-2 cryoprobe and their basic properties were measured at 4.2 K. 
The output microwave from the chopper was measured using a spectrum analyzer. Fig.10(a) and (b) 
shows the dependence of the output microwave amplitude of the chipper chip on the input microwave 
Fig. 7  Waveforms of the SFQ-microwave chopper.                                       Fig. 8  Dependence of the output microwave amplitude 
 on the input microwave amplitude. 
Fig.9  Microphotograph of the SFQ microwave chopper 
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frequency and the input microwave amplitude, respectively. It was confirmed that the output microwave 
is correctly switched by start/stop SFQ signals in the measurement. From Fig. 11(b), the measured output 
microwave amplitude is about a half of the simulation results. This is reasonable because the attenuation 
in the probe is -3.5 dB.  The maximum output microwave amplitude is 148 PV, which is much larger than 
our previous results [6]. 
4.2. Measurement of chopper module 
The chopper chip was mounted on a high-frequency printed circuit board (PCB) of 2 cm square and 
wire bonded to 50 : microstrip lines on the PCB. The PCB was implemented in a brazen chassis with 
SMA microwave connecters. No magnetic material was used in these microwave components. The SFQ 
chopper module was covered by a high-P-metal magnetic shield and put in liquid helium. We measured 
the operation of the chopper module at 4.2 K and confirmed its correct operation. Fig.11(a) and (b) shows 
                           
(a)                                                                                                   (b) 
Fig. 10  Measurement results of the SFQ-microwave chopper at 4.2 K. (a) Dependence of the output microwave 
amplitude on the input microwave frequency when the input microwave amplitude is 15 mV. (b) Dependence of the output 
microwave amplitude on the input microwave amplitude when the input frequency is 5 GHz.
                 
                                                       (a)                                                                                            (b) 
Fig.11  Measurement results of the SFQ-microwave chopper mounted in a module. (a) Dependence of the output 
microwave amplitude on the input microwave frequency when the input microwave amplitude is 15 mV. (b) Dependence of the 
output microwave amplitude on the input microwave amplitude when the input frequency is 4.5 GHz. 
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the dependence of the output microwave amplitude on the input microwave frequency and on the input 
microwave amplitude, respectively. Though the frequency dependence of the output microwave 
amplitude is more oscillational than that of the chip itself due to the reflection in the measurement system, 
the maximum output amplitude of about 100 PV was obtained. 
5. Conclusion 
We designed and implemented SFQ microwave choppers for superconducting quantum-computing 
systems. The chopper consists of SFQ circuits and superconducting RF circuits. We measured the SFQ 
microwave chopper at 4.2 K and confirmed that the output can be switched on and off by externally 
applied SFQ start/stop signals. We also confirmed that the output microwave amplitude can be controlled 
by the input microwave amplitude. The maximum output microwave amplitude was larger than the target 
power 100PV. The chopper chip was also mounted in the microwave module and its characteristics were 
measured. The output microwave power of about 100PV was obtained at 4.2 K. 
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